The kinetics and morphology of polyethylene solution crystalization by Burghardt, Wesley Roth
UNIVERSITY OF ILLINOIS
MAY.16 ...1985.
THIS IS TO CERTIFY THAT THE THESIS PREPARED UNDER MY SUPERVISION BY
. . . . . . . . . . . WESLEY BOTH BURCHAROT
ENTITLED..............TOK.Kim
POLYETHYLENE SOLUTION CRYSTALLIZATION
IS APPROVED BY ME AS FULFILLING THIS PART OF THE REQUIREMENTS FOR THE
DECREE OF...«Ara6JUQR .QE..SaBMCEJN..^m..BR«ilHmiHfi.............
Afmoved
. (Xl<. $
.....L i l h l ^ ' t k
(J Instructor in Charge
HEAD OF DEPARTMENT OF............. £8B4I.CAL. JN£INEERIJG,
THE KINETICS AND MORPHOLOGY 
OF
POLYETHYLENE SOLUTION CRYSTALLISATION
BY
WESLEY ROTH BURGHARDT
THESIS
for the
DEGREE OF BACHELOR OF SCIENCE 
IN
CHEMICAL ENGINEERING
College of Liberal Arts and Sciences 
University of Illinois 
Urbana, Illinois
1985
:■ ■■
ACKNOWLEDGMENTS
I would like to thank Professor A. J. McHugh for the 
opportunity to work on this research project, and for all of his 
patience and assistance throughout the past year. I would also 
like to thank my fiance, Angela, for the inspiration and harmony 
our love brings to my life. This work was supported in part by 
the National Science Foundation, through the Materials Research 
Lab at the University of Illinois, contract NSF DMR 83-16981.
itM
l
4
4
9
9
15
19
23
31
31
32
35
3?
40
40
40
43
45
47
47
52
TABU OF CONTENTS
l • In trodut. f i on •••••. *..... ,.... ............
2. Theory............. .................... .......
2.1 Avrami Equation....... .....................
2.2 Energetics of the Phase Transformation....
2*2.1 Primary Nucleation..................
2.2.2 Secondary Nucleation; Growth Regimes
2.3 Melting behavior....... ................
3 • Apparatus.... ..................................
4. Procedure....................... .......... ....
4.1 Configuration I.......... ...........
4.2 Configuration 11.................. ........
4.3 Configuration 111....... ..................
4.4 Sample Preparation*........................
5. Results and Discussion............. ............
5.1 Validity of Experimental Technique........
5.1.1 Morphological Evidence.............
5.1.2 Melting Point Evidence
5.2 Melting Behavior.......... ................
5.3 Morphological Conclusions............. .
5.3.1 Optical Microscopy.................
5.3.2 Electron Microscopy.................
TABLE OP CONTENTS (continued)
ISS£
5. Results and Discussion (continued)
5.4 Morphological Implications to Kinetics................. , 59
5.5 Kinetics Conclusions. .................,.................  61
5.6 Summary and Conclusions................................. 69
Re f  erences ............ ............... .......................... ................................ . 71
Appendix*. * *............ *................................... 73
Supplemental Optical Micrographs*............................ • 73
Supplemental Electron Micrographs......... .............. 82
i. Introduction
Polymers occur in the solid state in either an ordered crystalline 
form, or an amorphous glassy form# Only those polymers with chemical and 
stereoregularity are able to be packed Into a regular crystalline 
lattice £ 1_7* Polyethylene, with complete regularity, is easily 
crystallivable, and therefore has been the most common object of study 
on the crystalline state of polymers.
The macroscopic kinetics Of the phase transformation in 
polymer crystallization are commonl/ measured by calorimetry or 
dilatometry £ 2_/. In a dilatometric experiment, the data are often 
interpreted according to the Avrarni equation for phase transformations* 
which gives the transformation kinetics in terms of parameters combining 
the nucleution rate, the growth rate of the crystals, and the geometry 
of the growing crystals £ 3_7. Since several possible combinations of 
nucleation behavior and growth geometry yield similar predictions for 
the macroscopic Avrami coefficients, the kinetics of polymer crystallisa* 
tion cannot be uniquely determined unless the growth morphology of the 
crystals is known#
The morphology most common for melt-crystallization is spherulitic# 
Other morphologies, such as axialites have also been reported £ 5_7#
In all cases, melt crystallization is characterized by three-dimensional 
development, in crystallization from solution, however, several widely 
different morphologies have been reported, depending on concentration, 
temperature, molecular weight, and choice of solvent £ 1, 6_7* From 
very dilute solution, single crystal lamellae, as pictured in Figure la
K !)»u r« Typiral Solution Grown Mor pho I <-)’i cs
are the prevalent morphology. Electron diffraction shows that the 
polymer chain axis is normal to the broad faces of these lamellae, and 
since the contour length of the polymer molecules is longer than the 
lamellar thickness, it is widely accepted that the chains are folded 
back and forth inside the lamellae £ !_/, At higher crystallization 
temperatures, truncated losenges form, while at lower ctystallization 
temperatures, growth becomes dendritic, as shown in Figure lb / 6 /, 
Increasing polymer concentration promotes three-dimensional development 
of the crystals via twinning and screw dislocations, leading to 
morphologies such as axialites, sheafs, and eventually sheruiitea £*6_7«
An axialitic structure grown from a ,05% solution of polyethylene in 
xylene is shown in Figure Ic. Tins myriad of possible morphologies makes 
analysis of kinetic data difficult unless a crystal form corresponding to 
the growth conditions is observed directly.
In a recent study £ 4_/, the crystallization kinetics of two 
polyethylene fractions crystallizing from 0,1 wt% solutions in xylene were 
measured over a wide range of temperatures. The tra vis format ion rate 
data were analyzed in terms of their associated Avrami coefficients. An 
attempt was made to study the morphology of polyethylene crystals grown 
under the conditions of this dilatometrie experiment, but these experi­
ments failed due to unforseen experimentai difficulties H i J . In this 
study, a different experimental technique was employed to allow 
determination o* the morphology, which was used to help interpret the 
kinetic data of the earlier study / 4 7*
in
2. Theory
2.1 Avram! Equation
The fundamental equation used to describe the macroscopic kinetics 
of crystallisation is the Avrami equation. The integral form of this 
equation is:
in <l-x) • -(pi/pJ f.V V(t, t ) N(r) dx (I)
: 1 c Jo
where x is the fraction of polymer crystallised at time t, pj is.the 
density of the polymer molecules in solution, and p is the crystalline 
polymer density £ V(t, t) is the volume of a crystal at time t 
which was nucleated at time \, and N(t) is the rate at which growing 
centers nucleate* In order to integrate the right hand side of this 
expression, assumptions need to be made regarding the crystal volume 
and primary nucleation rate terms.
Based on direct observations of crystal growth, a constant linear 
growth rate is commonly assumed £ 2, 3_/. In this case, the linear 
dimension, R, of a crystal nucleated at time x is given by:
R(t) « G(t-x) (2)
where G is the constant linear growth rate. The next assumption commonly 
made is that the growth geometry remains constant throughout the 
transformation. For example, in the case of a disc of constant thickness 
t, the volume of the crystal at time t is:
V(t, T) - nR2( t ) l  - Til C2(t~ t )2 (3)
*
If the thickness is not eonstanty but Is always in constant proportion 
to the radius, a second growth rate can be defined tor the indirection:
Gj » uG (4)
■thus the thickness of the disc at time t is;
lit) - G^t-i) * ctG(t-t) <*>)
Hence the volume of the growing crystal at time t is:
VU, T) * :i,'t)R2(t) = ,W G3(t-T)1 (6)
Similarly, for a sphere,
V(t, r) « 4/3 it C3(c-T>3 (7)
In general, there fore, the volume of a crystal at time t is:
V(l, [) * v CP(t-T)P (8)
where p » 2 for 2-dimensional growth, and p * 1 for ^“dimensional growth. 
In equation (8), c is a collection of geometrical constants, and in the 
case of dif ferent but propert ionai linear growth rates * conta ins 
proportionality constants, us in equat ion (6). Substituting tlu- general 
expression Into equation (1) gives:
ln( l-x) « CP/o ( t - l ) p N(l> di
where c 1 is given by:
c r • C^ j / P c >
(9)
(JO)
The primary nucleolion rate N(t ) depends upon the type of 
nucleation. Homogeneous nucieation occurs when nuclei are formed 
spontaneously from rite amorphous polymer molecules. Heterogeneous
6nucleation is generally far more prevalent and occurs when nuclei are
formed on an existing substrate such as microscopic dust particles or 
other heterogeneities present in the system. N(t) is constant for 
isothermal homogeneous nucleation, but varies with time lor heterogeneous
nucleal ion.
For a constant nucleation rate (i.e., homogeneous nucleation), 
equation (9) becomes:
t
ln( !-x) - -<*' N GP J (t - t ) P di HI)
o
which when integrated becomes:
in(1~x) (JP N
(p+ I)
where N is the constant nucleation rate.
For heterogeneous nucleation, one can model the nucleation 
rate as:
N < i)
where v is the heterogeneous nucleation frequency, and N is the total
number of heterogeneities capable of inducing growth in the system.
Substituting this expression into equation (9) gives:
t
1 n( 1 -jt > * -c' Nov GP f U-T)P f'~V1 dl (14 )
o
which when integrated by parts gives:
in(l-x) "0 9 N G1o [ i (-1)
r p! t
p-r *vt (-1)
r*o p-4)' v1
•J ( 15)
7Two limits may be examined. For the ease of a large y, all terms other 
than the first term in the summation may be ignored, and the equation 
becomes:
This result: corresponds to the case of "avalanche heterogeneous nucleat ion," 
that is, when all impurities initiate crystal growth simultaneously*
The other limit occurs when y is very small. In this case, we 
approximate:
C-'’1 ~ I (17)
and equation (14) becomes:
whieh when integrated beeomes:
In ( l-x) * - - - - ° G* t* (19)
p+1
This result corresponds to a constant heterogeneous nucieation rate, and 
is indistinguishable from the result for constant homogeneous nucieation 
xate, equation (12), as far as the time exponent is concerned#
All of these results can be summarized in what is known as the 
general form of the Avrami equation, given as:
ln(l-x) * -ktn (20)
in which k and n are the Avrami coefficients. This equation generally 
fits data well for low conversions (30%-40%) CbJ* For crystallization 
from the melt, adherence is less good, with deviations occurring at
In(1-x) * -c* (16)
t
(IB)
o
8conversions as low as 20%~30%, due to secondary crystallization 
phenomena £ 3_/. For solution crystallization with lower molecular 
weight fractions, good fit of the data has been reported at up to 
90% conversion £ 8J  *
The constants k and n can be determined from experimental data, 
by plotting in £ -ln(l-x) / vs. In t. As shown in the derivation,
n * p+l (2la)
n * p (2lb)
or n » p+\ (21c)
k * — —  CP N (22a)
P ♦ I
k » e' N GP (22b)
o
or k « — —  CP N v (22c)o
for the case of (a) homogeneous nucleation, (b) avalanche heterogeneous 
nucleatlon, and (c) heterogeneous nucleation with constant nucleation 
rate. Several combinations of nucleation behavior and growth geometry 
can therefore yield the same value of n. If the growth geometry (and 
therefore p) is known, the possibilities for nucleation behavior are 
limited.
The Avrami constant k is a function of temperature according to:
k (T) - A G(T)_7P N(T) (23a)
k (T) - B /  C(T)_7P (23b)
k (T) - C £ G(T)_7P v(T) (23c)
where A, B and G arc collections of constants. If the nucleation 
behavior is known, the temperature dependence of k can be analysed to 
give information on the temperature dependence of the growth rate, G. 
The temperature dependence of the rate of nucleation, however, depends 
on whether the nucleation is homogeneous or heterogeneous, and, if the 
nucleation is heterogeneous, on the thickness of the critical sized 
nucleus in relation to molecular dimensions.
2.2 Energetics of the Phase Transformation
2.2.1 Primary Nucleation
The driving force for polymer crystallization is the change in 
free energy in going from the amorphous to the crystalline state in an 
undercooled melt or solution. This change in free energy must be large 
enough to overcome the work needed to build the crystal surface (the 
surface energy). Because this surface energy is proportional to the 
surface area of a growing crystal, while charge in free energy is 
proportional to the volume of the crystal, a critical sized nucleus 
exists, below which size the addition of another polymer chain is 
thermodynamically unfavorable. For a given subcooling, local energy 
fluctuations must overcome this barrier until the critical size is 
reached, whereupon continued growth becomes spontaneous.
In the case of homogeneous nucleation, these nuclei are formed 
spontaneously from amorphous chains. Two structural extremes are 
possible £  2j/. In the first, the primary nucleus is composed of many 
different polymer molecules. This the so-called fringed micelle 
nucleus. The other extreme is intramolecular nucleation, in which a
to
single* polymer molecule folds back and forth upon itself to form the 
primary nucleus. For the* case of solution crystallization, the chain 
folded picture is the currently accepted model Figure 2 shows
a square chain-folded homogeneous nucleus. The free energy required to 
form such a nucleus is;
AG * 2b^ o ♦ 4bcn - b^c Ag (24)
where Ag is the free energy difference between the crystal and the 
amorphous state per unit volume, a is the lateral surface energy, n is 
the fold surface energy, and b and c are the nucleus dimensions. The 
critical dimensions of this nucleus can be determined by differentiating 
equation (24) with respect to b and c, and setting the derivatives equal
, Tins yields:
c* ■ 4oe ! Ag (25)
b* » 4 a / Ag (26)
32(i o2 
AG* ■ e
...2
(27)
where AG* is the critical energy of formtion of the chain-folden 
homogeneous nucleus,
Tire free energy difference between the crystalline and amorphous 
polymer is:
Ag - Ah - TAS (28)
. o
At the equilibrium dissolution temperature, T , Ag is equal to zero.s * *
AS • Ah/T° (29)
and:
n|f
b
Figure 2. Homogeneous Chain-Folded Nucleus
2At a crystallization temperature, T , substituting equation (29) into 
equation (28) yields,
.o
Ag » Ah (AT/Te)b
where AT, the subcooling, is given by
AT • T - T 
s c
(30)
(31)
Substitution into equation (27) then gives: 
AG*
2 „,o2
J2pe 0 Ta 
(At*)2 (AT)2
(32)
Nucleation theory predicts that the nueleation rate should be 
given by an equation of the form £ 6 /:
N ~ exp (- ~jr) exp (- j~r ) (33)
where the first term represents the activation energy associated with 
transporting the molecules across a phase boundary. For the case of
dilute solution crystallization, this term can be ignored. Substitution 
of equation (32) into equation (33), and ignoring the activation energy 
of transport yields an expression for the temperature dependence of the
homogeneous nucleation rate:
N - exp
32 2a
k(Ah)2 T (AT)2 
c
(34)
Heterogeneous nucleation occurs when the primary nucleus forms
on a foreign substrate, thereby reducing the amount of surface energy 
which must be overcome. Hence, the critical sized nucleus is generally
smaller, and heterogeneous nucleation is kineticaily favored. In fact, 
special techniques must be employed to remove heterogeneities from the 
sample in order to study homogeneous nucleation in the melt t 9J7*
It has been reported that homogeneous nucleation occurs at a subcooling 
of about 50 C in solution / 1(W* Since most experiments cannot reach 
the degree of cleanliness to insure homogeneous nucleation, heterogeneous 
nucleation is the dominant mechanism.
Figure 3 depicts a chain-folded heterogeneous forming on a 
foreign substrate* In this case.
13
AC ■ 2ab a ♦ 2bc o ♦ acAo - abcAg
where a, b and c are the nucleus dimensions, and Ao accounts for the
difference in surface energy between the amorphous/substratc interface
and the amorphous/crystal interface* Differentiating with respect to 
the nucleus dimensions again allows determination of the critical free
energy of nucleus formation, given as:
AG* - 16 °cqAq 
(Ag)2
This, in turn, will lead to an expression for the temperature dependence 
for heterogeneous nucleation:
,2
(37)N -exp - 16 qeq Ao Ts
k (Ahr T
This development for heterogeneous nucleation assumes that ail 
three dimensions may be adjusted to give a minimum AG*. However, under 
conditions commonly encountered, the thickness, b, of this nucleus may
14
Figure 3. Heterogeneous Chain-Folded Nucleus
13
fre of - tin* same order as the molecular width bQ /_ 11J , In this case, it 
18 assumed that the critical sized nucleus consists ol a monolayer of 
molecular stems, and re-write equation (33) as follows:
AU * 2ab^ oe + 2b^co ♦ ac Ao - ab c A 8 (38)
derivatives equal to zero gives rise In this case to the critical free 
energy of formation ot a monolayer heterogeneous nucleus as / 2 7:
We therefore see that the temperature dependence in the rate of primary 
auelepltou can have \ strikingly different form if the primary nucleus is 
heterogeneous and a monolayer* compared to u homogeneous primary nucleus* 
The magnitude of Ao depends on the chemical nature of the 
sujsttate* and is usually lower for materials that have surfaces 
resembling hydrocarbons £ I2_y. if the substrate is a growing polymer 
crystal* then AQ becomes zero, and equation (39) describes secondary 
nucleation and growth*
2*2.2 Secondary Nucleation; Growth Regimes
In the case of growth on an existing polymer substrate* 
heterogeneous nucleation theory will predict the growth rate* G* to be 
given by 7 5, 6, 13^7?
(39)
G « G * exp £-  U*/R(T -T ) 7 * exp /~-k /T AT f 7 o ~ c co — — g c — (40)
16
where:
U* is the activation energy for transport of segments 
K is the gas constant
is the crystallization temperature 
AT is the subeool ing
T(ii is a temperature just below the >* lass t r a n s i t i o n  
1 accounts lor chan., s in the heat of fusion with temperature 
U is a pre-exponential factor 
k is a nui'l eat ion constant
In melt crystallization, the effect of molecular weight has been taken 
into account by a factor of 1/n in the pre-exponential term, due to the 
increased frictional drag associated with the transport of longer chains 
via reptation £ U_7. For dilute solution crystallization, the factor
exp A - U*/R (Tc - Ttj )__/ is replaced by exp £ - H*/KT _/■ 13_/•
The value of the nucieation constant depends on the relative rates 
of secondary nucieation and subsequent lateral completion of a new layer. 
Three growth regimes have been hypothesized for the changing growth 
mechanisms i_ 13* 15_7» These are diagrammed in Figure 6.
Kegime l occurs when the nucieation rate is slow 'i.c., low 
subcoolings), and each nucieation event causes a complete new layer of 
substrate. In this case,
G « bo i L (41)
where bQ is the layer thickness, i is the nucieation rate per unit length 
of substrate, and L is the substrate length.
17
Figure 4. Crystallization Growth Regimes (schematic) / 13, 15 /
Regime 11 occurs when the nuc lcat ion rate increases (higher 
subcooiing.s), so that there are multiple nucleations Leading to
completion of a new layer £  13_/. For this behavior, the growth rate
is given by:
i
(] = b (2ig) ‘ (42)
o
where in this case, g is the growth rate in the lateral direction once 
nuc1 eat ion has occurred.
For extremely high subcooiings, the nuc1 eat ion rate becomes so high 
that secondary nucleation and not lateral substrate layer completion 
becomes the dominant mode of crystal growth £  13__/, 1° this case, known
as Regime III:
G
where L* is the "effective-substrate length*" which is given by:
(43)
I.< * ns
» I (43)
where a is the molecular width in the lateral direction, and n * is thes
average number of stems laid down in the "niche" next to a newly 
nucleated site £ 1$_/. The quantity n * depends only on crystallization 
conditions, and hence 1/ is independent of the substrate length L 
from Regime I.
When nucleation theory is used to determine the nucleation rate i,
the resulting values for the nucleation constant k
g
are found to be
19
k I
g»l
* k r . =» / 2 g , m bo 0 *»«.
T ° / / kAlim —
(44)
k t
g.ii
. » / 2 b o o  f ~ o e T ° 7 /m — kAh (45)
Equation (44) can also be seen to result directly from equation (39) 
for Ao ■ 0. These equations lead to a temperature dependence for.the 
growth rate of:
c;(T) ~ T° / T A'r <46)
s c
2•3 Melting Behavior
A polymer crystal will melt when it is in thermodynamic equilibrium 
with the polymer molecules in the melt or in solution. This means that 
the free energy change in adding or removing a stem from the crystal is 
zero. This leads to the development of the Thompsen equation for the 
melting point of a crystalline polymer [_ bji
T - T 0 ( I - 2 o / Ahl) (47)r a m  e
where 1 is the thickness of the crystal. For melting In the presence of 
solvent, T ° is replaced by T °.
The lamellar thickness 1 is determined kinetically in the 
nucieation step. Consider the process of adding a polymer layer to the 
face of a growing crystal. Adding the first stem will require a finite 
amount of free energy (this is the nucieation step) given by:
Gj » 2a bQ o ♦ 2 bQ io * a bQ 1 Ag (48)
However, since there is no net addition of a o face, each subsequent 
addition of a stem completing a layer will involve a free energy 
change of:
20
AG , * 2a b o * a b l Ag (49)
n> I o e o 0
.Three possibilities exist, as diagrammed in Figure 5. The first is that 
i < 2 aQ / Ag» in which case the total free energy change is positive, 
and the crystal will actually melt rather than grow. The second 
possibility is that 1 * 2 / Ag* in which case any stem added is just
as likely to melt off, so no net growth occurs. The only possibility 
which allows growth to occur spontaneously is when 1 > 2 0 / Ag.
Tliis qualitative fact is often expressed asi
1*
g
2 0i
Ag
e ♦ 61 (50)
where 61 is some finite length necessary to insure growth. HoffmanV 13_7 
has developed an expression for Si based on a weighted average of all 
possible lamellar thicknesses which finds the most kinetically favored 
thickness. Tliis gives:
, kT , 2 + (1-2 V  a Ak/2q_____________
61 <2b0o) {1 - a Ag f/2o} {It a Ag (l-f) loj (51)
where T is the fraction of free energy change that is released upon the 
creation of a new stem embryo in the rate limiting step.
It is experimentally observed, however, that the lamellar thickness 
increases substantially after the initial nucleation and growth. Under 
these conditions, 61 is usurtlly assumed to be small, and an empirical 
constant y defined according to £ 6_7*
1 « -yl* = Y 2 °e Tm°
Ah (T °-T )
m e
(52)
4STEM
Figure 5. Possibilities for Second Stem Addition
This expression is used to represent the actual crystallised thickness. 
When this expression is substituted into the melting point equation* the 
result is:
Tm * Is. ♦ Tm° M  " -> (53)ra —  m y
This predicts that a plot of T vs. T will be linear with a slope of
r m c
l/y. Furthermore, it predicts melting point line will intersect the
line T » T at the value T °. m e  m
22
3. Apparatus
The apparatus used for this experiment was designed to create 
conditions for crystal growth similar to those studied in the kinetics 
experiment previously mentioned £ 4_7. The experimental variable of 
most importance was the crystallization temperature. Several 
different configurations of glassware were tried to allow isolation 
of the crystals after about 30 percent crystallization (this roughly 
corresponds to the linear regime in the Avrami kinetic analysis).
It was found that due to the high molecular weight of the polymer 
sample, and hence high viscoelasticity of the supernatant liquid, this 
goal could not be reached. An alternative procedure was then 
developed to collect the crystals and study their morphology.
In all cases, the temperature of the experiment was controlled 
indirectly by holding the crystallization glassware at a precisely 
known temperature in a silicon oil bath. Approximately nine gallons 
of silicon oil were contained in a glass tank 16 inches in diametc' 
and 12 inches deep. In order to minimize heat loss to the surroundings, 
this tank was insulated around the sides and on the bottom with fiber* 
glass insulation two inches thick. In addition, the entire apparatus 
was enclosed in a polyethylene tent to minimize temperature 
fluctuations caused by drafts or sudden changes in romm temperature.
The oil bath was heated by two A50 watt knife heaters connected 
to a single variable autotransformer, and two 500 watt flexible 
immersion heaters, each connected to a variable autotransformer. When 
precise temperature control was needed, one of the flexible heaters
23
24
was connected to a Precision Temperature Controller, manufactured by 
the Bayley Instrument Company of Danville, California. The other 
flexible heater remained connected to an autotransformer at reduced 
power to provide a constant heat input. The knife heaters were used 
only for rapid heating of the bath, due to their localized heat 
generation. The bath also contained a cooling coil consisting of 
about 40 feet of 3/8 inch diameter copper tubing. When rapid cooling 
of the bath was required, cold water could be run through this coil.
The water could then be removed by blowing it out with air.
Temperature gradients within the bath were minimized by stirring 
with a 7500 rpm (maximum speed) laboratory stirrer, manufactured by 
Talboys engineering Corporation of Emerson, New Jersey. Two mercury 
thermometers were used to measure the bath temperature. One had a 
scale of 0 to 200 degrees Celsius, with divisions of 0.2 degree, and 
was used during heating and cooling cycles, and when the bath was 
maintained at a high temperature. The other thermometer had a range 
of 75 to 105 degrees Celsius, with divisions of 0.1 degree, and was 
used to measure temperature during crystallization. The oil bath also 
contained a culture tube used to keep a stirring rod at the bath 
temperature.
The first experimental configuration studied is diagrammed in 
Figure 6. Details on the design of the individual glassware components 
are given elsewhere £ 7_J, The bottom of the crystallization tank was 
pressurized with nitrogen to support the solution above the fritted 
glass filter. After the final crystallization, the bottom of the tank 
was opened to a vacuum pump to remove the supernatant liquid, whereupon
VACUUM
COLD
FINGER
N, 5
HOUSE
SUPPLY
TRAP
J l
Figure 6. ja^lUii 4|ibarutus Plow Diagram £~7J
CCtmHutiirauon n
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the* crystals which coil octet! on the glass filter could be washed with 
fresh solvent from the holding tank at the crystallization temperature. 
Hi is sol vent was t rans fer red to the c rys ta 11 i /.at i on tank by pres su r i z i tig 
the top of the holding tank with nitrogen.
When the above configuration failed, an iutermed i at • crystal­
lization tank was added to the apparatus, as had been previously 
suggested _/ 7_/. This tank is diagrammed in Figure 7. Tin* tank used 
the same cover as the crystallization tank in th first configuration, 
and had a closed bottom with a three-way teflon valve connected to it. 
This valve connected the tank with the solvent holding tank, and the 
l ill ration tank Ulu crystallisation r csk tr or* * he first con f igurat ion). 
\* be lore / 7 /v a i l  tubes i \ Hn Hath w< a ► 1/4 inch diameter copper
tubingv aid o vhh vi iuns to lie glassware wvre made with te flon sleeves 
la^tanied hosv The modi lied flow diagram is shown in
Figure . In tin a configuration* crystallization took place in the
new tank. After the desired degree of crystallization had taken place, 
the partially crystallized solution was diluted with solvent from the 
holding tank, transferred to the filtration rank by nitrogen pressure, 
filtered by the vacuum pump, and the crystals were washed by more 
solvent from the holding tank.
Unfortunately, neither of the above configurations proved to be 
effective for isolating the polyethylene crystals after partial 
crystallization. This was attributed to the high molecular weight 
ol the polymer sample of interest. The polyethylene molecules still 
in solution caused the solution to be highly viscoelastic, and as a 
result, it could not be made to pass through the iliter. Furthermore,
27
Figure ?♦
iSsSiiiafiislIft^
C ry s ta llis a tio n  Tank
. .|e«»tl|^p|i9n 1.1)
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Figure 8. Crystallization Apparatus Flow Diagram
(Configuration II)
both of the above configurations allowed significant evaporation ol the 
solvent during quenching arid crystallization steps. The linal 
configuration abandoned the idea oi isolating the crystals during 
the crystallization* and instead concentrated on minimizing solvent 
evqjUif til ion during the experiment. The glassware in this configuration 
Was simply a crystallization tube, consisting ol a modified 20 x 15.0 nun 
side-arm test tube, as diagrammed in Figure 9. A female f 14/20 ground 
glass joint was attached to the top of the test tube, During the 
experiment, a water-cooled f 14/20 Leibnitz condenser was inserted in 
the top of the crystallisation tube to condense any vaporized solvent. 
During experiments which required particularly long crystallizations, 
two condensers were connected in series.
In all of the configurations, a nitrogen atmosphere, supplied 
by the house lines, was used to minimize oxidative degradation of the 
polyethylene,
n2 f l u s h
-  i  K / 2 0
Figure 9* Crystallization Tube 
(Configuration III)
4. Procedure
For 'the sake* of future studies, as well as in the interests of 
documenting the several *'*d»niques used in this study, considerable 
detail regarding the successes and failures of the three experimental 
coni igurat ions is given below.
4.1 Configuration 1
In earlier work on this problem, it was reported that crystals 
could not be collected as intended / 7 , One possible cause was 
hypothesized as gel formation due to the high molecular weight of the 
polyethylene sample of interest (Sample DHMW 1900, viscosity average 
molecular weight of 3 million). To investigate this possibility furthe 
the experiment was run as before, but with a lower molecular weight 
fraction polyethylene (sample F30-06, weight average molecular weight 
of 314,000). The procedure followed was virtually identical to that 
which has been previously described /, 7_/t except for a few minor 
changes. House nitrogen was used to support the polymer solution above 
the glass filter, instead of compressed nitrogen from a tank. Whatman 
grade 4 filter paper was used instead of GF/A, in the hope of reducing 
the pressure drop during filtration. After the purification steps, the 
polymer sample was not oven dried, so that it would dissolve more 
easily. Finally, in colling the bath down to the crystallization 
temperature, the cooling water was left on until the bath was about 
4 degrees above the desired temperature. This made it possible to 
achieve a constant temperature in the oil bath after about 20 minutes.
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It was observed that even with the lower molecular weight sample* 
the experiment suffered the same difficulties as had been previously 
reported £ 7__/. During the purificat ion steps, when the polymer would 
crystalline completely before filtration, the apparatus functioned 
according to the intent for which it had been designed. However, after 
about 30% of the material originally in solution had crystallized, 
filtration became impossible. This was attributed to two possible 
causes. One possibility was that the solution remaining after the 
partial crystallisation was still too viscous for the filter to allow 
it to pass. The other possibility was that during the longer, 
isothermal crystallization, the glass filter acted as a nucleating 
surface, causing polymer to crystallize within it, therefore clogging 
it. Experiments were carried out in which, after the desired degree 
of crystallization had taken place, the solution was diluted with xylene 
from the holding tank before the attempted filtration. This proved to 
be ineffective and it was therefore concluded that the primary cause of 
the filtration problem was polyethylene build-up in the filter during 
the long crystallization. This led to the design of the second 
configuration.
4.2 Configuration II
Use of the apparatus diagrammed in Figure 8 enabled crystallization 
to occur separated from the filter. The procedure employed was as 
followsI
(1) The cleaned apparatus was assembled in the bath.
(2) An exact amount of PE was placed in the crystallization 
tank. Spectographic grade m-xylene was added to make a
0*1 weight percent solution, after which the tank 
was covered and flushed with nitrogen* The solvent 
holding tank was filled with reagent grade xylene*
(3) The oil bath was heated to 135 degrees Celsius, and 
kept at this temperature until the polyethylene was 
completely melted. The solution was stirred gently 
to help make it uniform. The oil bath was then 
cooled down to 40 degrees Celsius, causing the 
polymer to precipitate out.
(4) Step (3) was repeated until the polyethylene 
appeared to crystallize uniformly, and the crystals 
were finely divided*
(5) The hath was then heated to 135 degrees and held at 
that temperature for 2 hours (a single flexible heater 
with its autotransformer set at 95 volts was sufficient 
to maintain this temperature).
(6) The bath was then cooled with cold water in the cooling 
coil until the temperature was about 4 degrees above 
the desired crystallization temperature* The water 
was turned off and blown out with air.
(7) When the bath temperature was about 1 degree above 
the desired crystallization temperature, the 
constant heat source was turned on to about 40 volts. 
The temperature controller was then adjusted to 
maintain the desired temperature*
(8) After the crystallization had gone as long as 
desired, valve 2 was opened to the holding tank. 
Xylene was forced into the crystallization tank 
by opening valve 1 to pressurize the top of the 
holding tank with house nitrogen. This diluted 
the uncrystallized polymer left in solution*
(9) Valve 2 was then opened to the filtration tank*
Valve 1 was changed and valve 4 closed to allow 
nitrogen to pressurize the crystallization tank, 
forcing the crystal suspension into the 
filiiation tank*
(10) Valve 3 was opened to the vacuum pump, and the 
supernatant liquid was drained through the filter* 
Valve 2 was changed to connect the holding tank 
directly with the filtration tank, and house 
nitrogen was used to force xylene from the 
holding tank to wash the crystals* Some xylene
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was allowed to remain in the filtration tank, 
and the cleaned crystals were collected in pure 
xylene suspension with a syringe#
it should be noted that with a separate crystallization tank, 
it was no longer to purify the polymer sample by recrystallization prior 
to the final crystallization. This was an unavoidable consequence of 
the failure of the original design. While a scrupulously clean sample 
is vital to kinetic studies, it was not felt to be as critical when 
studying the growth morphology which should be minimally affected by 
impurities.
The above procedure was used with dilutions of up to 10:1 
following the partial crystallization, with no success. Only when 
many small holes were drilled through the glass filter did this method 
work as it had been designed for the lower molecular weight polyethylene. 
This proved unequivocably that the difficulties were indeed caused by 
the polyethylene still in solution. With only the filter paper left 
as a resistance to flow, the diluted polymer solution could be removed.
This procedure was then applied to the high molecular weight 
sample of interest. It was found in this case that in the dilution step, 
the solution would not mix, but would remain stratified, with the 
concentrated polymer solution/crystal mixture tending to cling to the 
bottom of the crystallization tank. Mild stirring of the solution and 
solvent was attempted, however the concentrated solution tended 
immediately to cling to the stirring rod and remain stratified from 
the fresh solvent. Only very vigorous stirring enabled the solution 
to homogenize. Tills undoubtably would have had an effect on the 
morphology of the crystals; when stress is applied to a mixture of
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polymer crystals and a saturated solution at such a low temperature* 
oriented crystallization can occur which would obscure the morphology 
of interest. In addition, even after the solution had been diluted and 
homogenized, the polymer remaining in solutionwas still sufficient 
to completely clog even the thin filter paper, making filtration 
impossible.
The p^or results obtained with the high molecular weight sample 
indicated that a hot fi11rat ion would be impossible in this case , and 
that the growth morphology in the linear regime of tin* Avrami analysis 
would have to be determined by an alternative technique.
4.3 Coniigyration 111
Using the crystallization tube previously described, crystals 
were grown using two techniques. In the first, crystallization was 
carried out isothermally at the temperature of interest for the time 
interval corresponding to the linear behavior in the Avrami plots _/ 4 J ) • 
The temperature of the bath was then rapidly lowered to 77 degrees
Celsius, where it was kept for an additional 80 minutes, whereupon the 
crystallization was eoiqpleted. It was felt that the sudden change in 
temperature would cause an easily discernible change in morphology, 
hence allowing the isothermal growth morphology to be determined. These 
crystals were then used % m  cmmfmmimm to another set of crystals which 
were allowed to crystallize essentially to completion isothermal ly. 
Comparison of the morphologies would allow determination of whether 
deviations from the Avrami equation at high transformation imply a 
change in the growth morphology. Times for the crystal growth were
:.i:V. n-.-T
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taken
given
from the kinetic study previously .references f _ k j  and art- 
in Table 1.
Table 1
Crystallization Times !_ h j
Crystallization Temp 
(°C>
Time (linear) 
(minutes)
Time (complete 
(minutes)
85.5 90 1275
86.2 140 2640
86.8 220 3000
87.8 335 3600
9U.0 1275 6000
91.0 3300 (inaccessible)
The procedure used for these experiments was as follows:
(1) The PE sample was weighed into the crystallization tube, 
and spectographic grade xylene was added to make a 0.1 wt. 
percent solution. The cohdensOrCs) was inserted, the 
tube was placed in the oil bath, and flushed with 
nitrogen.
(2) The oil bath was heated to 135 degrees Celsius, and the 
tube left in the bath until the polymer was completely 
melted. Mild stirring was used to help homogenize the 
solution.
(3) The tube was then removed from the bath and the polymer 
was allowed to precipitate from solution. The tube 
was then replaced in the oil bath.
37
(4) Step (3) was repeated until the polyethylene precipitated 
throughout the solution as finely divided crystals,
(5) The solution was held at 135 degrees for 2 hours, at 
which time the cooling water was turned on.
(6) When the bath temperature reached 4 degrees above tin- 
desired . rystal 1 i/.ation temperature, the water was 
turned off and blown out of the coil with air. W!u>n 
the temperature fell to within l degree of the d» sired 
temperature, the constant heat input was turned on to 
40 volts. The controller was then' ad justed to 
maintain the proper crystallization temperature.
(7) In the case of a two step crystallization, the 
cooling water was turned on after the time given in 
Table l, and a procedure following step (6) was used 
to bring the bath temperature to 77 degrees Celsius.
(8) After complete crystalliza > ion, the tube was 
removed from the bath, and the crystals and solvent 
poured into a vial.
4.4 Sample Preparation
Samples for electron microscopy were prepared by placing drops 
of crystal suspension on a carbon film substrate ami allowing the 
solvent to evaporate. The carbon film was prepared on a cleaned glass 
microscope slide. First, a small amount of Vicowet parting compound 
was evaporated onto the slide from a tungsten basket in a standard 
vacuum evaporator. Then the carbon was evaporated from a sharpened 
carbon rod onto the slide in the evaporator. After the solvent 
evaporated from the slide, the carbon film was etched in a criss-cross 
pattern with a razor blade, and small sections of film with the crystals 
on top were floated from the slide in a dish of deionized water, and 
collected on standard 3 mm copper electron microscope grids.
The samples were shadowed carbon/platinum mixture at a known 
angle to improve contrast in the electron micrographs, and allow
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determination of the vertical dimension of the crystals £  3_/• The 
platinum was prepared for evaporation by first sharpening a carbon rod 
(Figure 10 (a)) and wrapping about 2 cm of platinum wire around the 
tip (Figure 10(b)). The rod was then placed in the electrodes of the 
vacuum evaporator and rapidly heated under atmospheric pressure. This 
caused the platinum to melt and form a bead on tin tip of the carbon 
rod (Figure 10 <c)) which could be pointed at the samples to be 
shadowed. Carbon and platinum were then evaporated simultaneously 
under vacuum to shadow the crystals. This procedure was used rather 
than evaporation from a tungsten basket since the high boiling 
temperature of the platinum often caused the tungsten to melt before 
significant evaporation of the platinum had taken place.
i )  S h a rp en ed  C arbon  Rod
j
Sharpened Rod with Pt Wire
Sharpened Rod with Pt Bead
Figure 10.
5. Host!its and Discussion
5.1 Validity of Experimental Technique 
5.1.1 Morphological Evidence
Using the crystallization tube previously described, two sets of 
polyethylene crystals were grown. One set was grown isothermally, 
essentially to completion at the temperature of interest. The other 
set was grown to about 30% completion at the temperature of interest, 
and then to completion at 77°C. It was hoped that this change in 
temperature would cause a change in morphology, and allow determination 
of the growth gemoetry in the period in which the crystallization 
kinetics were well described by the Avrami equation.
Figures 11 and 12 show optical micrographs of two sets of 
crystals. The crystals in Figure il were grown at 87.8°C to completion, 
while the crystals in Figure 12 were grown for 335 minutes at 87.8°C 
and for 80 minutes at 77°C. Figure 12 shows two distinctly different 
types of crystals. There are areas in which the crystals are large and 
highly birefringent, and other areas in which the crystals are small, 
and much less birefringent. All of the crystal samples grown in the two 
step procedure had both types of crystals, while none of the samples 
grown to completion isothermally (as in Figure 11) had the smaller 
crystals. Furthermore, the morphology of the large, bright crystals 
seen in the 2~step growth process was in ail cases the same as the 
morphology seen in the isothermally grown crystals, although the slse 
of the crystals was sometimes different.
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This evidence strongly suggests that the bright large crystals 
were formed at the temperature of interest in both cases, and that the 
smaller crystals were formed upon cooling the solution to 77°C in the 
2-step procedure. The fact that no difference in morphology was seen 
between the large crystals grown using the two different techniques 
allows the conclusion that deviations from the Avrami equation at high 
conversion are neither reflected in nor caused by a change in the growth 
morphology of the crystals. The logical conclusion in this case is 
that deviations occurring at high conversions are caused by the onset 
of a diffusion control led process £~3j?\
5.1.2 Melting Point Evidence
Melting points of all samples were determined in the presence of 
m-xylene solvent by optical hot stage measurements in a Mettler FP5 hot 
stage using a heating rate of 10°C/mln. The results are shown plotted 
in Figure 13. The crystals grown isothermally exhibited a single 
melting point, where substantially all of the birefringence in the 
large cryatali disappeared. Crystals grown in the 2-step process, 
however, gave two melting points, each corresponding to one of the two 
observed morphologies* In all of the samples prepared by 2-step growth, 
the small crystals melted at essentially the same temperature.
Equation (5 3 ) shows that a l l  of these c ry s ta ls  must therefore have 
been grown at the same temperature. Furthermore, as can be seen in 
Figure  13, at each c r y s ta llis a t io n  temperature, the c rysta ls  grown 
iso th e rm a lly  and the large c ry s ta ls  obtained in  the 2-step process have 
m elting points that are e s s e n tia lly  equal.
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Figure 13. M elting Temperature ( in  presence of xylene) v s . 
C ry s ta llis a tio n  Temperature
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The combined morphological and melting point evidence proves 
conclusively that the smaller crystals observed in the samples grown in 
two steps were formed when the temperature was lowered to 77°C, and 
that the growth morphology of the crystals in the linear regime of the 
Avrami analysis is retained when the transformation is allowed to go to 
completion* This conclusion allowed consideration of only the 
isothermaily grown crystals for electron microscopy* as this eliminated 
any possibility of observing the morphology grown at 77°C, while still 
assuring that the observed morphology was the same as that in the linear 
regime of the Avrami plots*
5.2 Melting Behavior
The melting point data presented in Figure 13 agree very well with 
the prediction that a plot of dissolution temperature vs* crystallisation 
temperature should be linear* The experimentally determined value for 
the thickening parameter* y» 1*68* Huseby and Bair /~L6_7 have 
calculated experimental values of y based on direct measurement of the 
lamellar thickness by small angle x-ray scattering* giving values of 
around 1.25 in the range of crystalfixation temperatures studied here. 
Their values* however, were based on 1 values which included a 
correction for 61* In the development of equation (53) (and indeed* in 
order to obtain a linear dependence of dissolution temperature on 
crystallisation temperature)* thie term is ignored* Using the data 
presented in their paper and leaving out the 61 correction yields an 
average value of y of 1*39, which is much closer to the value observed 
in this study. When the Tffl vs* Tc curve is extrapolated to Tffl * T^* a
value for the equilibrium dissolution temperature, T®, of 115.1°C is 
found. This is slightly larger than the value of !14°C commonly cited, 
but veil within the range of published values 7^23^7*
Hie value of y typically reported for melt-crystallized polyethylene 
has been around 2 £  13^7* Thus, it would appear that the rate of 
thickening at the lower crystallisation temperatures used for solution 
crystallisation is less than that which occurs for the melt* This is 
qualitatively consistent with the idea that thickening duiing growth is 
a type of annealing process, which would proceed more rapidly at a 
higher temperature. On the other hand, Hoffman et ai. state that below 
temperatures of 9Q°C, this rate of thickening should be extremely low, 
leading to a y value of unity for solution grown crystals £*"13^7* In 
such a case, the difference in melting point and crystallisation 
temperature would be due entirely to the 61 term in equation (SO), This 
contention, however, stands in direct opposition to experimental 
observation, both in this work and in the data of Huseby and Bair,
As pointed out, after accounting for the 61 term, Huseby and Bair 
showed that the actual lamellar thickness obtained from low angle 
scattering still exceeded that predicted for the critic sise growth 
nucleus. In the melting point data tatten in this study, both the
magnitude of the experimentally determined y and the fact that the data 
extrapolate linearly to a value of very close to that given by 
independent methods exclude the possibility that the difference in 
melting and crystallisation temperatures is due solely to the kinetic 
61 term.■ .
These data also show different behavior from the data presented 
by Huaeby and Bair in that a linear extrapolation yields a reasonable 
value of the equilibrium dissolution temperature. In their paper, Huseby 
and Bair fit the data with a curved line, observing that a linear 
extrapolation would yield an unreasonably low value for T® / 16 7* A 
possible explanation of this is that their melting point data were taken 
by a different technique (differential scanning calorimetry), which 
could lead to a different bias of the data. Despite these differences, 
Figure 13 clearly shows that in this study, the melting behavior is 
well explained empirically by equation (S3) and that the values of both 
the thickening parameter, y* an(* the equilibrium dissolution temperature, 
T°, are reasonable in the light of previously reported results /~13, 16 7*
5.3 Morphological Conclusions 
5.3.1 Optical Microscopy
It has been concluded that the morphology of interest is that of 
the large crystallites, grown at the temperature of interest, either in 
an isothermal or a two-step procedure. Optical micrographs for all 
crystal samples made are given in Figures 11 and 12 in the text, and 
Figures A1-A9 in the Appendix. Toe dominant structures shown in these 
micrographs correspond to large, elongated regions of crystalline 
order, observable through crossed polars as a consequence of the 
crystalline birefringence.
Figures 14-16 show the effect of solvent evaporation on these 
large areas of crystalline order. As the solvent evaporates, the 
crystallites collapse upon themselves, with a very large decrease in the
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amount of macroscopic birefringence observed. It is believed that 
these crystallites are highly branched structures, consisting of 
lamellar layers, supported in a three-dimensional structure by the 
surrounding solvent. During growth, the crystallites grew into the 
solvent in such a way that the macroscopic crystalline registry of the 
unit cells was maintained, causing the large regions of optical 
birefringence. When the solvent evaporated, the layers of these 
crystallites collapsed upon one another in a more or less random 
fashion, destroying the large regions of macroscopic order, and thus 
rendering the original morphology unobservable by optical microscopy 
following solvent evaporation.
Similar behavior has been observed in our labs for polypropylene 
sheaf/spherulites, grown in solution, which, when suspended in solvent 
show the characteristic maltese cross patterns, but which, when the 
solvent evaporates, collapse randomly into flat disks which do not 
exhibit an optical behavior characteristic of their spherulitic nature. 
Electron micrographs of these samples indeed show a loosely branched 
structure which is lamellar in substructure. It is believed that the 
optical behavior exhibited by both the polypropylene sherulite 
structures and the polyethylene crystallites under consideration 
upon evaporation of the solvent is caused by the same process; 
collapse of an openly branched, three-dimensional structure which had 
been supported by solvent during growth.
The final observation from optical microscopy is that there 
appears to be no change in the macroscopic shape of the crystallites 
formed throughout the temperature range studied in the kinetics
experiment* All samples contain the same elongated crystallite 
structures which appear to consist of a three-dimensional branched 
lamellar structure supported by solvent,
5,3*2 Electron Microscopy
Transmission electron microscopy was used to examine the 
substructure of the crystals grown in this study. As seen from the 
optical microscopy, the morphology of interest was unchanged in those 
samples which were crystallised to completion. Therefore, these 
crystals were ex ? under the electron microscope whenever possible 
to avoid confusion eb-ut whether the observed structure had been formed 
at the desired temperature, or during the second part of a two-step 
procedure.
Figures 17 and Id show what is believed to be the sub-morphology 
of the large crystallites observed by optical microscopy. Comparison 
of Figures 11 and 17 shows that the average length of the crystallites is 
in both cases around 5-6 microns, and the macroscopic shape of the 
crystallites is similar. Figure 18 shows clearly that the substructure 
of these crystals is a highly branched lamellar structure. Finally, the 
size of the shadows cast by the crystals in Figure 17 shows that they 
are indeed three-dimensional in growth. These microscopic features all 
agree well with the qualitative explanation given above to explain the 
behavior observed upon the evaporation of the solvent in optical 
microscopy. Several other observed crystals which could give rise to 
the observed elongated morphology are also shown in Figures A-1G through 
A-lr in the Appendix, Figures A-13 and A-14 in particular show similar 
evidence of a lamellar substructure, although not so clearly as Figure 18*
Other commonly observed features in the electron microscopy were 
sphere-like structures, as shown in Figures 19 and 20. Unlike the 
feather-like morphologies shown in Figures 17 and 18, these structures 
have no easily discernible analogue in the optical micrographs. A 
possible explanation for their existence is that the highest molecular 
weight material may never have formed a homogeneous solution, but 
instead may have formed jmaJl gelled particles from which these structures 
crystallised. The macroscopic effect of these structures is expected 
to be low, both due to their sma1! sire and the fact that, like the 
structures shown in Figures 17 and 18, they are three-dimensional, and 
should there foie not affect the Avrami behavior.
Finally, in two samples, polyethylene crystal lamellae were 
observed, as in Figure 21. It is believed that their presence in the 
isothermally grown samples indicates that the crystallisation was not 
quite complete at the time the crystals were collected, and that the 
lamellae were formed during the sudden quench to room temperature from 
the very dilute supernatant solution remaining. Using the observed 
shadow length along with the known platinum shadowing angle used in 
preparing the samples allows determination of the thickness of these 
crystals. For these crystals, the lamellar thickness observed was 
around 90 Angstroms. This corresponds to a crystallization temperature 
from solution of around 50-60°C Thus, these lamellae must have
been formed at the very end of the experiment when the crystals were 
collected. This observation, however, Is useful in that it shows that 
a polymer sample which exhibits lamellar single crystal growth under 
certain conditions can also show an intricate 3-dimensional development

under the conditions dictated by the dilatometrie technique used 
to study the crystal 1izat ion kinetics*
5*4 Morphological implications to Kinetics
In the kinetics study previously mentioned, it was determined 
that the Avrami time exponent changed from a value of 4 at high 
subcoolings to a value of 3 at low subcoolings for the high molecular 
weight fraction used in this study £ 4jf. Several other studies have 
reported integral Avrami exponents of 3 and 4 for solution growtn 
£ 8, 17, 18, 19, 21J. It was often observed that the values of 3 
occurred with higher molecular weight samples, while lower molecular 
weight fractions gave values of 4 £ 17, 18, i9_/. It was also observed 
that a transition between n * 3 and n * 4 can occur for the same sample 
depending on the choice of solvent, with values of 3 generally associated 
with poorer solvents, in which molecules interpenetrate each other to a 
greater extent £ 2\Jf* A transition for a given sample, solvent, and 
concentration as a function of undercooling has been reported in only 
one study / 4 7*
As demonstrated in Chapter 2, the value of n is a function of 
both the growth geometry and the nucleation behavior. To date, no 
attempt has been made to relate the kinetic behavior of the Avrami time 
exponent directly to an observed morphology* Mandelkern et al. £*&m7 
have acknowledged that their values of n » 4 seem to indicate that 
growth must be three-dimensional* However, they attempt to rationalise 
this value with the evolution of a lamellar morphology by a qualitative 
argument for the effect of one crystallite on another, still holding
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that the growth is two-dimensional (i.e., lamellar). This argument 
seems inrunsistent with their observation that to a large extent of the 
transformation, a completely unimpinged growth approximation ran be 
used to produce an excellent fit of their data. The other papers 
riled above produce even less explanation for the fundamental origin 
of these values for the exponent* All of these researchers, however, 
have analyzed the temperature coefficient of the process to study the
nucleation behavior of the crystallization £ 8, 17, 18, 19, 1'I_/• As
shown in equations (21) - (23), the temperature coefficient of the 
process depends on both the nucleation mode and the growth geometry, 
so any attempt to extract information concerning the mirleaf’on behavior 
from the temperature dependence of the rate constant k without a sound 
knowledge of the growth morphology is pure conjecture. It should also 
be clear that unambiguous distinctions between heterogeneous and 
homogeneous nucleation are in general not possible through simple 
determination of the Avrami coefficients.
In this study, it was determined by direct morphological 
observation that the growth morphology remains unchanged over the entire 
temperature range of the previous dilatometric experiment. Furthermore, 
the growth morphology was seen to.be 3-dimensional in all cases, rather 
than the two-dimensional growth often assumed. The fact that no change 
in the growth geometry is observed indicates that the reported change in 
Avrami exponent as a function of undercooling must be explained by 
nucleation behavior.
5.5 Kinetics Conclusions
From the morphological observations it was concluded that the 
growth of the polyethylene crystals was three-dimensional, and * bat there 
was no observable change in growth morphology throughout the temperature 
range studied in the dilatomctric experiment £ 4_7. This led to the 
conclusion that the change in the Avrami exponent from 4 at high 
subcoolings to 3 at low subcoolings must have been due to some change 
in the nucleation behavior. In analyzing the temperature dependence of 
the Avrami coefficient k, a nucleation behavior must be assumed that 
is consistent with the observed Avrami time exponent.
A summary of the results of the kinetic study for the high 
molecular weight fraction is given below in Table 2:
Table 2
Kinetics Results / 4 /
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Crystallization Temperature Time Exponent, n Temperature Coef.
(degrees C) . n  i.( x 10*1)
85.45 4 257
85.8 4 178
86.2 4 45.8
86.8 3 2330
87.15 3 1660
87.2 3 1680
87.7 3 1310
88.5 3 244
89.15 3 55.6
89.98 3 14.0
90.5 3 4.07
91.0 3 1.07
Equation (21) shows that for 3-diraensional growth, the only 
nucleation mechanism which could yield n * 3 is avalanche heterogeneous 
nucleation. For this case, then, the temperature dependence of the rate 
constant, k, will be given by equation (23b>, where the temperature 
dependence of the growth rate will be given by equation (40). In the 
latter equation, the first exponential term representing the activation 
energy for chain transport to the crystal surface is generally considered 
insignificant in the case of solution crystallisation £  4^7. From 
equations (23b, 40, 44, and 45), the temperature dependence of k for 
avalanche heterogeneous nucleation thus becomes:
In k ~ - 3 ( b° 0 °e ) Ts (54)
k A h T A T
c
where n* is 2 or 4 depending on the growth regime, or an average value
of 3 for cases where no strong transition between growth regimes is
observed, as has been reported for solution crystallisation £*2oJT,
This predicts that a plot of -In k vs. T°/T A T would be linear for
s c
those data points which gave n * 3. Such a plot is given in Figure 22,
based on a value of T° * 114°C. From the slope of the best fit line, its
2 4
was determined that the surface energy product, o «* 1231 erg /cm , 
is obtained when a value of n* of 3 was used. This value is in 
excellent agreement with previously reported results for both 
crystallisation from the melt and from solution /~13_7. The fact that 
n' equals 3 indicates that there is no definite growth regime transition, 
and that possibly a mixture of mechanisms is contributing to the crystal 
growth.
f$/Tc^ T « J O
Figure 22. - I n  k vs
(K’J)
AT (n  -  3)
The three data points at the highest subcoolings yielded values 
of n « 4. Examination of equation (21) shows that two possible nucleation 
mechanisms could be the cause of this behavior, The primary nucleation 
could be occurring by a homogeneous nucleation mechanism, or by a 
heterogeneous nucleation process occurring at a constant low rate. In 
both of these casesi the temperature dependence of the Avrami constant k 
contains contributions from both the growth and primary nucleation steps. 
For the case of 3~dimensional growth with homogeneous nucleation* 
combining equations (23a* 40* 44 and 34) yields:
k ~ L
n1 b o o T %
< - m r - r r  V 3 exp ( -
c
2 _o2
32 o o Te s_____
2 r 1." " i
k (AhV  T (AT)*
) (55)
for the case of 3~dimensional growth with 3-diraenaionai heterogeneous 
nucleation* the analogous result is:
,o2
n1 b o o  T° % 16 o 0 A o  T1
k ~ < - r n r r r r  > J 3 < -  ~ r r r — ^  > <56>
c k (Ah)2 T (AT)2
c
Finally* for the case of 3-cimensionai growth with monolayer heterogeneous 
nucleation in which the surface energy difference Ao is negligible* k 
will be given by:
k ~ /’ ( -
bo 0 °e Ts , -r3 V .  4 bo 0 ae T.
k A h T A T  
c
x t t a v 
" exp ( ~ k A h T A T  *
(57)
To test the possibility of either equation (55) or (56) being 
applicable* the temperature dependence of the growth term in these 
equations was divided out of k, assuming n1 of 3, and using the 
experimentally determined o from Figure 22. The log of this value* 
when plotted v,. tf/Tc (AT)2 .hould yield a etreight line, with the
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slope depending on which nucleation mechanism holds. Figure 23 shows 
the result of this analysis performed on the three data points with Avrami 
exponents of 4. As can be plainly seen, the data are highly non-linear. 
Furthermore, when the possible slopes were analysed in terms of 
equations (55) and (36)» no internally consistent values for the 
surface energies were obtained.
The final possible nucleation scheme was therefore heterogeneous 
nucleation with a monolayer nucleus, occurring at a constant rate.
Because the form of equation (39) defies simple analysis, the Ao term 
in the denominator was assumed to be small, which then leads to equation 
(57). This equation predicts that a plot of -In k vs. T^/T AT should 
be linear, as in the case of avalanche heterogeneous nucleation, but with 
a different slo^ due to the effect of „he temperature dependence* of the 
nucleation step* ThU jilot is given in Figure 24 for the final three 
data points. As c h e  seen, the data fall quite close to a straight
A
line. Furthermore, a reasonable value of o o * 1367 erg /on is
e
obtained if the slope is analyzed using a value of n 1 of 4. This 
indicates that at the highest subcoolings studied, growth occurred 
entirely via a Regime III mechanism.
In order to interpret these results, it is important to consider 
the mathematical basis for avalanche or constant-rate heterogeneous 
nucleation behavior In the Avrami equation itself, in equation (14), it 
is seen that the actual basis for either of these two behaviors as 
reflected in an Avrami Kinetic analysis is the relative sizes of the 
growth rate and nucleation rate terms. If G is small and v is large, 
then on the time scale of the growing crystals, the nucleation appears
ln( [®cp(-Kg/T&T)]3^
25
£ 2/Tc(&T)2 {k-1}
Figure 23. In ( k/ /"exp <-kg/Tc AT)_73 ) v*. T°2/T„ (AT)
a c
23
Figure 24. -In k ve. T®/t AT (n > 4)
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to be avalanches and the kinetic behavior can be interpreted according 
to equation (54). If, however, the growth rate becomes large relative 
to the nucleation rate, then on the time scale of the growing crystals, 
the nucleation will appear to occur at a constant rate, and the 
macroscopic behavior could be explained by equation (57), provided the 
Ao term were indeed small, the fact that the data appear to fit 
equation (57) very well suggests that this is indeed the case. For 
the case of a small Ao, the temperature dependences In equation (14) 
arc the same for the growth term and the nucleation term, except that 
the growth term is raised to the power of the dimensionality of the 
growth. Thus, although both the nucleation rate and the growth rate 
increase with increased subcooling, the growth rate term comes to 
dominate equation (14) because it is raised to the third power, in 
this case.
A possible explanation of the experimentally observed fact that 
Ao is very low is that the growing crystals actually nucleate on 
gel-like chain entanglements in tin* solution. Such s u j  make an ideal 
nucleation site because the Ao term docs go to aero., uni ti. nucleation 
rate is optimised. M  this were the case, one would expect•a ghet 
nucleation rate with an increasing number of chain e tanglemei ts.
This provides a sound explanation for the generally observed trend that 
only bigh molecular ..weight fractions exhibit an Avrani exponent of 3, 
Lower molecular weight fractions, with fewer chain < itunglements will 
have a lower absolute nucleation rate at all temperatures, which is 
always small compared to the growth rare, and hence a region of 
"analanche” behavior is never seen. This picture also provides a
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qualitative1 reason for the effect of solvent Oh h £ it t Poorer 
solvents which promote a higher degree of pfWlh «'nt«|rmjefm nt would be 
expected to push the nutleation rate high enough In fjumlmito the 
growth rate, leading to the reported uvu1 audio-type behavior.
5.6 Summary and Conclusions
In summary, the following conclusions may be concerning the
crystallization behavior from U.l Wil xylene solution of the ultra-high 
molecular weight polyethylene fraction used in this study.
(1) Tire growth morphology remains constant throughout the
crystallisation process and therefore any deviations from 
linearity in the Avrarai transformation behavior are not 
reflected in a change in morphology.
■12) the growth morphology of the crystals remains unchanged 
over the entire temperature range studied.
(3) The primary morphology of interest is elongated 
crystallites, developing in all three dimensions, with 
a plainly lamellar substructure.
(4) The melting behavior of the crystals is consistent with 
that expected for a lamellar substructure, and can be 
described very well by an empirical thickening parameter, 
y, with y » 1.68. Tins result, though in line with 
previously published studies, stands in contention with 
the theoretical analysis suggested by Hoffman*
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(5) The change in Avrami exponent, n, observed in the 
previous dllatometric experiment can only be 
explained by a change in nucleation behavior,
(6) For n ■ 3, the crystals are nucleated at a high rate 
relative to the growth rate (avalanche), and grow 
according to a mixed Regime I and 11 mechanism with 
o o * 1231 erg2/cm*.
(7) For n » 4, the crystals are nucleated by a 
heterogeneous monolayer nucleation process occurring 
at a slow rate relative to the growth rate term 
(constant rate), with negligible surface energy 
difference between the crystalline polymer and the 
foreign substrate, and grow according to a Regime 111
t
mechanism, with o c?e * 1367 erg /cm .
(8) Conclusions (6) and (7) can be qualitatively explained 
in terras of a heterogeneous nucleation process in which 
the growth is nucleated on a gel-lIke chain entanglement. 
This picture also helps explain the various published 
dependencies of n on molecular weight and solgent.
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